wrrrr rI{E AvaTLABILITY of digitai computation facilities in pulmonary function laboratories' more sophisticated data processing and analyses can be used to yield better differintiation of mla as well as severe pulmonary dysfunction. In particular, function tests such as the multi' breath lung washout can be made feasible for routine clinical evaluadon of ventilation inhomogeneity as well as functional residual capacity. Although many indices of ventilation inhomogeneity based on multibreath nitrogen-washout dynamici have been proposed, Saidel et al' if fl "ta Fleming et al. (4) reported that moment ratios give superior quantitative distinction among subjects iittt mita-to-severe ventilation inhomogeneity-(The ratio of lst-to-0th moments is the mean; from the mean and 2nd-to-0th moments, the variance can be defined') The ratio of lst-to-0th moments of the washout culrr'e' formed by the sequence of end'tidal Nz fractions, are related to the nonuniform alveolar flow-volume distri' bution (12).
Inasmuch as moments are computed from all the points of the washout cun/e, they include more information and are affected less by measturement error than other indices computed from relatively few points (1, 3, r184 JAFAR SANIIE, GERALD M. SAIDEL, AND EDWARD H. CHESTER Departments of Biomedical Engineering and Medicine, Case Western Reserue Uniuersitv and, veterans Administration Medical center, cleueland, ohio 44106 9, 14). Models with a specified structure (5, (6) (7) (8) 10) can also be used to characterize th'b entire washouc curye' but these demand a parameter e$timation procedure that typically requires an optimization algorithm. In addition, tire computition of model parameters is significantly mot" "osily than the computation of moments. For clinical purpoies, real-time evaluation of moments can be easily managed by use of a simple minicomputer or even a microprocessor.
To investigate the effectiveness of moment analysis in ouantifrring ientilation inhomogeneity, we studied subjlcts with normal function and those with various pul-*otr"ty diseases. We compared the moment ratios for two different truncation points of the washout data' Several types of moment ratios were compared with respect to reproducibility and discrimination' EXPERIMENTAL METHODS Ctinical subjects. We studied 37 subjects who represented five separate categories: I) normal nonsmoker with no history of chronic or recurrent lung disease' respiratory symptoms, or history of smoking;2)
"normal" r-6["t *itit no history of chronic or recurrent lung di""*", respiratory symptoms, but a history of cigarette ;;kti greater itt.i-t s-pack-vr; 3) diftuse interstitial lung dddse (DILD) with diffrrse chronic inllammatory ai"J*" of lung parenchyma (e.g., interstitiai fibrosis); 4) bronchial astima with episodic wheezing and dyspnea o,ittr inter"als free of clnical symptoms; and 5) chronic oU.ttt"tiu" pulmonary disease (COPD), which is not asthmatic, with persisient chronic obstmction to airflow (e.g., emphysema and,/or bronchitis)' ' fth";""y function was assessed in ail subjects by spirometry, iilution lung volumes, arrd body plethysmogrlphy (taUte 1). In addition, steady'state-carbon mono*ial aifntting capacity (Drrco) was evaluated' There .r"r" si* normil nonsmoking subjects and four "normal"
.-ol"t who averaged 15 pack'yr of cigarette smoking each and were normal by all these pulm-onary functions iests. The six asthmatic patients were all asymptomatic' but five of them had reduced forced expiratory flow r1!es *"-ZS to 75Vo of the total forced vital capacitY (FEF:s-,rn). Fo* of the six also had increased specific ainn'ay t"Jtt tt"" (SRaw) in the body plethysmograph, and three "'e"" ftyp"rinflated. All six had a normal diffrrsing capacity. OnfV one wasi normal by all parqneters tested and therefort in a true remission, i.e., no detectable physio- where F(e) is the end-tidal (peak) N: fraction of breath A. The independent variable ofthe washout curve, breath number, must be suitably scaled to miniririze the effects of breathing pattem variation and lung volume (operating point). An appropriate independent variable is the diluiion number, which is defined as the ratio of cumulative expired volume (CEV) to FRC as described by Saidel eL al. (11) . In terms of the time-varying volume flow rate Q(f) integrated over expirations E (7) Testing procedure and apparafus. Subjects are tested in the following mnnner: in a relaxed, spontaneous fashion, the subject inhales and exhales through a pneumo' tachometer open to ambient air. After he becomes adjusted to the situation, he inhaies fuily to the total lung capacity (TLC), exhales slowly as much gas as possible to the residual volume (RV) of the lung, and returns to spontaneous breathing about functional residual capacity (FRC). Then, at the end of a quiet expiration, a valve is turned so that the inhaled gas switched from ambient air to humidified oxygen. This starts the nitrogen washout procedure which continues over a number of breaths until the end-tidal Nz fraction is less than 2Vo or when 100 breaths are completed.
The gas at the airway opening is drawn continuously (3 ml/s) through a nitrogen analyzer (Med'Science Elec' tronics model 505). The heated screen pneumotachome' ter is coupled to a differential pressure rransducer (Validyne model MP45), the output of which is amplified and demodulated (Validyne model CD19). Both the nitrogen and flow signals are recorded continuously on FM tape for storage or put directly into analog'to-digital converters for on-Iine digital computation. The nitrogen and integrated flow signals are monitored simultaneously on a strip-chart recorder. Q(r)drlFRC Qualitatively, the ratio CEV/FRC indicates the number of volume turnovers or the number of times the resting lung volume (FRC) has been diluted with an equal amount of inspired gas.
We defined the rth moment, p. of the end-tidal N: fractions with respect to the dilution number as
where N is chosen to be sufficiently large that no significant information is lost, i.e., y(N) << 1. As a practical limitation, the signal-to-noise ratio can also lead to error for large lf. Moments higher than the second need not be computed, because most of the information in the unimodal washout curve is contained in the first few moments. Furthermore, higher moments are more subject to the poor signal-to-noise ratio in the tail region of the washout cunr'e. Moments computed from the mixed-expired N.r fraction ofsuccessive breaths can also be used to characterize the Nz washout dynamics. Consequently, we define these moments as The flow signal is calibrated using a reciprocal pump Harvard), which provides an oscillatory flow of ambient ir through a pneumotachometer at 0.25 Hz with a cycle volume tAVl of 1.000liter. The relationship between the .neasured pressure drop, AP(t), across the pneumotachEreter and the flow rate, Q(t), is given by
rhere K is the volume calibration coefficient and v is the iscosity of air at ambient temperature (e.g-, v = 185 x 10-6 poise at 23'C). Integration ofthis equation over onehalf a cycle yields . K: v.6Y/ | aPtOat J 'Io get an accurate value of K we calculate its mean 'alue from several cycles. This coefficient is the same for low in either direction. The criterion of acceptability of fhe K value is that its coefEcient of variation be less than lVo. lf this criterion is not met, it is necessary to clean and dry the pneumotachometer screen and recalibrate' tn" ""titt"tion factors are stored on the disk and auto' *"ii""Uv become available when they are needed in the main program. --T*il1'nuering.ln converting flow and nitrogen signals"from'analog to digttd form, we required an applopriate fi.lter to improvJthe signal-to-noise ratio' For this ;""pd we selected a second-order Butterworth lowp""r nt"" with a cutoff frequency of 20 Hz' ' Detay time compensation-The response time of the nitrogen analyzer to a sudden change in nitrogen concen-;;tffi can ue o"iaea into two parts: delay time and rise ii-". tft" time delay for sampled gas to travel from the ".*oU"e valve to the ionization chamber and become i;;dJ "is approximately 75 ms. Because we use the ;fi;;" signal for flow signal correction artd must obtain itt" pioa""i of nitrogen and volume flow rate at the same time, it is importanithat the two signals-be.synchronous' Consequently, we delay the flow-signal also by 75 ms' Uo* i"o""tld determinations of delay time during the .-oG" oitrtdy, we found little variation (t5 ms), which is ",eU within ih" aigital sampling period (25 ms)' -iiir:-trg"al corritian Aciurate measiurement of vol' r msm.
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ume flow rate at the mouth is essential for our data analysis. Consequently, we must correct the flow signal for the effects of changes in composition and temperature of the gas passing through the pneumotachometer. Differences are particularly noticeable between inspired and expired gases. The inspired gas consists of humidified oxygen at ambient temperatures; the gas leaving the mouth, however, is saturated with water at close to body temperature. Unless the screen of the pneumotachometer is heated, water vapor can condense on it to cause a change in resistance, i.e., a change in the calibration coefficient of the pressure signai.
Provided the flow is laminar, we ctrn relate the volume flow rate Q(r) ana pressure difference AP(f) across the pneumotachometer screen by e _-AP(r)
where the gas viscosity, r, is a function of temperature, T, and gas composition, F : (Ne, Oz, Hz, COz), and K is a geometric constant. Because the mixture of gas species can be considered an ideal gas, the viscosity of the mixture can be formulated as the linear combination of viscosities of pure gas weighted by their fractional concentration F"
where 4 : Nz, Oz, HzO, COs. The temperature changes are sufEciently small to allow the viscosities of Oz, Nz, HzO, and CO: to be related linearly to temperature (2) [nr,(T)l t €.es +o. where T has the units of oK. The fractional concentrations (F") of HsO and COz in inspired gas, expired gas, and ambient air are assigned reasonable values (Table  2 ). Consequently, from Table 2 ), and AV(ft, E) was verified by several techniques. In particular, F(ft) was directly measured from the X-Y recorder. Volume amplitudes were checked with pump volumes, and the total amount of nitrogen expired over several breaths wasi measured from a collection bag. We found that the difference between computer and measured variables in typically +17o.
Lung uolumes. Functional residual capacity is derived from measured variables, allowing for different inspiratory and expiratory volume changes on each breath (13) Statistical tneasures. In evduating indices of ventilation inhomogeneity, we examine the sensitivity of the indices to the degree of abnormality and the variabiiity of the indices for a given subject and among subjects in a given diagnostic group. For all indices we computed the inuasubject variability from the repeated washouts of each subject as the relative difference 
0.04r
The only directly measured fraction is Fx:(f). The hactional concenhation of water vapor, assuming complete saturation, may be approximated by FHso -(13.20 -0.61 T + 0.04T' ),/P, where T is temperature, in oC, and P is pressure in Torr.
RD=lzr-zzl/Az where Z, Md Zz Ne the values of any index Z for the two **i"r*l"a A Z is theu average value. The diagnostic ;;;;;;o-;;;itivitv is evaluated bv the mean and stanil:?;;.il'"t izit all subjects in each group' The .rru*"t""ti"al expressions used are presented in the ep' PENDIX. '" Clioor;ton of indices' Moments were computed from ""J-iiiJ and breath-averaged nitrogen fractions at a dilution number (l) of 8 or 10' From these moments' we obtained the lst-to-0th and 2nd-co-0th moment ratios ii"ni" il. As previouslv found bv. Saidel et al' (11) and ""ui""t"i "g"itt itt this study, the end-tidal moment t^tG ttrtt^'and pr/w at a dilution number of 10 are il""*ry iitt"a *iiti a very high. correlation coefficient tp : O.gg3l. At r; : 3-these ritios are linearly related iFig. ii t"iitt n""ttv the same correlation coefEcient (p : o'.ggal. Within any clinicai grouP, l-rrlpo tends to show t"."'i"t"ti"" spr"ad th^n p"/t u' both 4: 8 and 4 -10' Similar results are found for the breath-averaged moment ratios ((p),/(p)o and (p),:/(p)o)' Because the ratios i;;;M"t s"cona -o-"ttt" yreided no additional information, -we shall not consider them further' The remaining comparisons involve the moment ratios u,/un and fult/\plo-As seen in Fig' 3 , these moment i^ril" *i.rt'tl :'a are also linearly related' having a "oo"f.tio" coeffrcient p = 0'944; with a : 10' t'he corref.tlo" coefficient is somewhat higher 1o : g'9$4)' The ;;i;;i"" variabilities among groups an! rybjects of these lst-to-Oth moments ^t" "i"=o-.i-ltar (Table 3) ' Although eitherofthesemomencratioswouldbeadequateforour il;;, *e shall arbitrarily cho-ose the end-tidal ratio tu,7^l for further comparisons' We recognize that there #;;;; f"iin" "t" fr *i*"a expired rather than endttd"ld; to study washout dynamics' However' the endiiJJ *o-""t ratio has a clear mathematical interpretaii." f izl. Based on a model with two alveolar spaces' one ;?;i;;it is poorlv ventilated, the moment ratio (ptlpo) "ppto*G"r"iy equals the relarive volume-flow ratio of ttat space. A remaining question is whether tmncation SANIIE, SAIDEL AND CHESTER ofthedataatdilution.number4:Sis.assatisfactoryas ;; ; = lo. eriit""gh the earlier truncation of the data at "" I g """"". soire loss of information' the effect on [i"s"""ii" di"d;;.
of the subjects appears to be oniv sliehtly altered (Fig. a) . ""b;;;;Gact;ristic lung volumes and.volume ratios "^i--U" a"t""-i"ed as part if tne test with very iittle ""ti" "ff"ti, tttl"e also can be used to help make distincil;.l; our study, the estinated FRC typically varied i"r" iit* 8Vo for iepeated tests of a given.subj"c!' T!9 Jiff";;"" in the "rii-"t". of FRC with dilution 8 or 10 ;;;;"uer than 8%. Consequently, although the FRC ;;d" -;-b" "tigtttly underest-imated with the smaller ;ii;;;.rrrmu"i' tire difference is not significant for comparison of among subjects' To help disdnguish zubil;ffi;h cdiDE"; other diagnostic groups' Y" l99k+ ;;;;;;il" Liio', e.e., RV/fLc' A.q strown in Fig' 5' nVTif,C vs' 1u/thtends-to make this distinction clearer' ii"'"aairi".al-distinction is apparent from other lung volumes or volume ratios' '"ii"e"iitii differintiation' With respect to normal <rtp/<tu4, or <h>/<p,>.ir".* ""a "it"iLdd*;ffi'#;;;;;r;";uiliiv "t" denoted bv MRD and sDRD' breathing in a few minutes, even with subjects with severe COPD. By use of on-line computation, the results can be available seconds after the completion of a washout. The ratio of the lst-to-0th moments of the end-tidal nitrogen fraction dynamics yields a quantitatively informative and clinically feasible index of ventilation inhomogeneity.This momenu ratio /) shows little sensitiv' ity to small measurement erors and random noise, 2) has a relatively small range of values for normal nonsmokers, 3) can even detect mild ventilation inhomogeneity of "norma.l" smokers, and 4) can distinguish the greater inhomogeneity of subjects with asthma, diffuse interstitial lung disease, or chronic obstmctive pulmonary disease.
APPENDIX Statistical Measures
Because each subject in these experiments performed the washout procedure twice, we have two values of all indices denoted by Z{1, g, sl and Zz [,g, s) , where l is the index. g is the diagnostic group, and s is the subject in the diagnostic group g. For each subject, we compute norurmokers, the mean values (lvlZl of h/W are 9Vo greater for "normal" smokers, LSVo greater for asthmatics, 28Vo greater for DILD subjects, and' 57Vo greater for COPD subjects. By the moment ratios, abnorrral subjects including the "normal" smokers are well discrimi' nated from the normal nonsmokers. The synptomatic asthmatics have moment ratios higher than do norrnals; in remission, however, asthnatics have normal values for all the pulmonary function tests applied, including the indices of Nz washout. Although the mean of h/W for COPD subjects is higher than the mean for either asth' matics or DILD subjects by 39 and 29Vo, respectively, some asthmatics and DILD subjects have moment ratios as high as those of COPD subjects.
Although the moment ratio demonstrates differences among several clinical gtoups, it is not intended as a diagnostic index for a specific disease state. (Indeed, no single pulmonary function index or parameter can do that.) Rather, we use the clinical groups to give us an indication of the extent of ventilation inhomogeneity' The purpose of the moment ratio is to quancify the degree oi ventilation inhomogeneity for any individual regardless of disease state.
In conclusion, with proper signal conditioning and conections incorporated into a computerized analysis, the washout procedure can be done with spontaneous 
